In the present work, different methods were used to determine the effective atomic numbers of some low-Z materials, namely, polyethylene (PE), polystyrene (PS), polypropylene (PP), Perspex (PX), polycarbonate (PC), nylon 6-6 (PA-6), plaster of Paris (POP), and TH/L2. These methods are the direct method, the interpolation method, Auto-eff software, and single value XMuDat computer program. Some of the results obtained were compared with experimental data wherever possible. It can be concluded from this work that the effective atomic numbers calculated with the direct, the interpolation and Auto-eff methods demonstrate a good agreement in Compton scattering and pair production energy regions. A large difference in the effective atomic numbers calculated by the direct and the interpolation methods of low-Z materials was also observed in photoelectric and pair production regions. It was determined that PE, PS, PX, and PA-6 were equivalent to adipose and muscle; POP was equivalent to cortical bone; TH/L2 was equivalent to thyroid tissue; PP was equivalent to yellow bone marrow and adipose tissues; PC was equivalent to spongiosa.
Introduction
Simulation of radiation dose distribution in human organs and tissues is possible by tissue equivalent materials. ICRU report 44 [1] describes various types of tissue substitutes for human organs and tissues. Tissue substitutes are being used for phantom, medical applications, radiology, nuclear engineering, health physics, radiation physics, radiation dosimetry, radiation protection, and space research. The effective atomic number is photon interaction parameter which is used for dosimetric properties. The effective atomic numbers can be calculated using different methods such as the direct method, the interpolation method, Auto-eff software, and single value XMuDat computer program. Many researchers have made extensive effective atomic numbers studies on a variety of materials such as gaseous mixtures [2] , dosimetric materials [3] [4] [5] , alloys [6] [7] [8] [9] , semiconductors [10, 11] , building materials [12] , glasses [13, 14] , soils [15, 16] , amino acids [17] , fatty acids [18] , minerals [19] , and biological samples [20, 21] .
In this study, the effective atomic numbers for low-Z materials have been determined using the direct, the interpolation, Auto-eff , and XMuDat methods. The theoretical results were compared with experimental data wherever possible. This study should be useful for readily available effective atomic numbers of the low-Z materials for choice of appropriate computational method.
Calculation Methods
Mass attenuation coefficient and attenuation cross-section data are available in photon energy range of 1 keV to 100 GeV in the form XCOM program [22] which has been transformed to windows operating system software WinXCom [23] . The atomic number and atomic masses of the elements have been taken from recent report on atomic weight of elements 2011, IUPAC [24] . The effective atomic numbers are derived by calculation of the mass attenuation coefficients and atomic cross-sections of the elements of compound/mixture. The elemental compositions of the low-Z materials used in this 2 Journal of Nuclear Chemistry Table 1 . The calculation methods for the effective atomic numbers of the low-Z materials are described in the following subsections.
Auto-eff
Method. Auto-eff method is user-friendly software in visual basic for rapid computation of the average atomic numbers and spectral-weighted mean atomic numbers. The Auto-eff surpasses dubious power-law approach. In this method, effective atomic number is determined via exploitation of the smooth correlation between atomic crosssection and atomic number. A matrix of cross-sections was constructed spanning atomic number = 1 − 100 for photon energies ranging between 10 keV and 1 GeV and the cross-sections of polyelemental media are calculated by linear additivity. The cross-sectional values are constructed with the cross-section matrix as a function of Z, and an effective atomic number is obtained by the interpolation of Z values between adjacent cross-section data [25] .
Direct Method.
Calculation of the effective atomic numbers eff,PI of the low-Z materials for total photon interaction was carried out by using practical formula [26] . The formula is given below:
where is molar fraction in the mixture/compound, is linear attenuation coefficient, is density, / is mass attenuation coefficient, is atomic weight, is atomic number, and the ratio, / , between the atomic mass and the atomic number is approximately constant.
Interpolation Method.
Mass attenuation coefficient values (= / ) are derived for the selected low-Z materials using the mixture rule: ( / ) material = ∑ ( / ) , where is the proportion by weight and ( / ) is mass attenuation coefficient of the th element tabulated in XCOM [22] software or WinXCom [23] software. The quantity is given by = / ∑ with condition ∑ = 1, where is the atomic weight of the th element and is the number of formula units in the compounds.
The attenuation cross-section ( ) values of the composite material are computed by using the following relation:
where N = 6.023 × 10 23 is Avogadro's number in atom g −1 , is weight fraction of the th element in a molecule of the tissue substitutes, and is the atomic weight of the th element in a molecule. and are both dimensionless quantities.
The equivalent atomic numbers using the logarithmic interpolation formula is given as follows:
where 1 and 2 are elemental atomic cross-section (barn/atom) for atomic numbers of elements corresponding to 1 and 2 , and is atomic cross-section of the composite materials lying between the 1 and 2 .
XMuDat Method.
XMuDat computer program is able to produce a single value effective atomic number for compounds [27] . The XMuDat uses the following formula for calculation of the effective atomic number:
where is the fractional number of the electrons of the th element and is a constant between 3 and 5. It is preferred that is set to 3.6 for materials with eff < 6 and 4.1 for materials with eff > 6 [28] .
Results and Discussion
The variation of the effective atomic numbers of the low-Z materials with photon energy is shown in Figures 1(a) , 1(b), 1(c), 1(d), 1(e), 1(f), 1(g), and 1(h). The effective atomic numbers below 10 keV were not compared due to large uncertainty (±25%) in Auto-eff [25] . From Figures 1(a) , 1(b), 1(c), 1(d), 1(e), 1(f), 1(g), and 1(h) it is clearly seen that the effective atomic numbers calculated by Auto-eff , the direct, and the interpolation methods are in very good Journal of Nuclear Chemistry in our investigation is similar to other various literatures for low-and high-Z elemental composites; however photoelectric absorption and pair production region need further experimental explanation [5] . Also large differences are observed in photoelectric absorption region, which is due to dependency on atomic number of the elements and photon energy. In Compton scattering region, it is found that the effective atomic numbers calculated by all three methods were the same order. The uncertainties in the effective atomic numbers computed by Auto-eff method are of order of 1-2% for high photon energies.
Comparison of the theoretical effective atomic numbers with experimental data in the literature for PE, PS, and PP is given in Table 2 (a). Also comparison of the theoretical effective atomic numbers with experimental data in the literature for PX, PC, and PA-6 is given in Table 2 (b). From the tables, it has been clearly seen that the experimental values of the effective atomic numbers were consistent with the theoretical values. (e) PC was found equivalent to spongiosa (skeleton) and eff,PI values vary in the ranges of 3.71-6.16 for polycarbonate and 3.72-12.59 for spongiosa. The reason for large atomic numbers compared with PC in low-energy is due to high-Z elements (Na, Mg, P, S, and Ca) in spongiosa (photoelectric cross-section is dependent on 4-5 ).
Tissue Substitute and Human Body Tissues

Conclusions
In the present work, the theoretical methods were used to determine the effective atomic numbers of some low-Z materials (i.e., PE, PS, PP, PX, PA-6, POP, and TH/L2). The direct, the interpolation, and Auto-eff methods demonstrate a good agreement in the effective atomic numbers in Compton scattering and pair production energy regions. A large difference in the effective atomic numbers calculated by the direct and the interpolation methods was observed in photoelectric and pair production regions. It was determined that PE, PS, PX, and PA-6 were equivalent to adipose and muscle (skeleton); POP was equivalent to cortical bone; TH/L2 was equivalent to thyroid tissue; PP was equivalent to yellow bone marrow and adipose tissues; PC was equivalent to spongiosa (skeleton).
